Electromagnetically superconducting phase of QCD vacuum 
induced by strong magnetic field 1 
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Abstract. In this talk we discuss our recent suggestion that the QCD vacuum in a sufficiently strong magnetic field 
(stronger than 10 16 Tesla) may undergo a spontaneous transition to an electromagnetically superconducting state. The possible 
superconducting state is anisotropic (the vacuum exhibits superconductivity only along the axis of the uniform magnetic 
field) and inhomogeneous (in the transverse directions the vacuum structure shares similarity with the Abrikosov lattice of 
an ordinary type-II superconductor). The electromagnetic superconductivity of the QCD vacuum is suggested to occur due 
to emergence of specific quark- an tiquark condensates which carry quantum numbers of electrically charged rho mesons. A 
Lorentz-covariant generalization of the London transport equations for the magnetic-field-induced superconductivity is given. 
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Recently, we suggested that the QCD vacuum in a suf- 
ficiently strong magnetic field may undergo a sponta- 
neous transition to an electromagnetically superconduct- 
ing state [1]. We stress the word "electromagnetic" in 
order to distinguish the proposed superconducting state 
from the "color superconductivity" (which may exist in 
a sufficiently dense quark matter) and from the "dual 
superconductivity" associated with confining features of 
the gluonic fields in the pure Yang-Mills vacuum. We 
consider QCD at zero temperature. 

We suggest that the vacuum becomes electromagneti- 
cally superconducting if the strength of the background 
magnetic field exceeds the critical value 

B c =m 2 p /enl0 16 Tesla, (1) 

where m p = 775.5 MeV is the mass of the p meson. If the 
background magnetic field is stronger then the critical 
value (1), then the vacuum becomes unstable towards 
emergence of the offdiagonal (in flavor space) vector (in 
coordinate space) quark-antiquark condensates 

(und) =p(x±), (uy 2 d) = ip (x±) , (2) 

where p ^ is the complex scalar field which depends 
on the transverse coordinates xj_ = (x\,X2), and the uni- 
form static magnetic field B is set along the z = X3 axis, 
B = (0,0,B). The condensates (2) carry quantum num- 
bers of the electrically-charged vector p mesons with the 
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quark content p~ = du and p + = ud. Thus, the appear- 
ance of the condensates (2) is equivalent, to some extent, 
to the condensation of the charged p mesons. Since the 
condensed mesons are electrically charged, their conden- 
sation implies, almost automatically, an electromagnetic 
superconductivity of the condensed state 3 . We argue that 
the state (2) is indeed superconducting, and it is accom- 
panied by a superfluidity of the neutral p( ' mesons [1]. 

Let us provide qualitative arguments that the p- 
meson condensation is not an absolutely unexpected phe- 
nomenon. Consider a simple example of a free relativis- 
tic spin-s particle moving in a background of the external 
magnetic field B. The energy levels e of the particle are: 

e„ 2 A (Pz) = Pi + (2n - 2s z + 1) \eB\ + m 2 , (3) 

where the integer n > labels the energy levels, and other 
quantities characterize the properties of the pointlike par- 
ticle: mass m, the projection of the spin s on the field's 
axis s z = —s, ...,s, the momentum along the field's axis, 
p z , and the electric charge e. 

It is clear from Eq. (3) that the ground state corre- 
sponds to p z = 0, n z = and s z — s. The "minimal 
masses", corresponding to the ground state energies of 
the charged pions (with s = 0) and charged p mesons 
(with s = 1), are, respectively: 

m£±(B) =ml±+eB, m 2 p± {B) = m 2 ± - eB . (4) 



3 Notice that in a dense isospin-asymmetric matter the longitudinal 
condensates (djQ^u) may emerge [2] and a superconducting state may 
also be formed [3]. On the contrary, our condensates (2) are spatially- 
transverse and they appear in the vacuum (with no matter present). 



Thus, the ground state energy of the charged pion is the 
increasing function of the strength of the magnetic field 
B, while the ground state energy of the charged p meson 
decreases with B. When the magnetic field reaches the 
strength (1) the mass of the charged p meson becomes 
zero. As the field increases further, the ground state en- 
ergy of the charged p mesons becomes purely imaginary 
thus signaling a tachyonic instability of the QCD ground 
state. At these magnetic fields the QCD vacuum sponta- 
neously develops the "p-meson condensates" (2). Thus, 
the system becomes electromagnetically superconduct- 
ing via the condensation of the charged p mesons. 

The suggested condensation of the p mesons is simi- 
lar to the Nielsen-Olesen instability of the gluonic vac- 
uum in Yang-Mills theory [4], and to the magnetic -field- 
induced Ambj0rn-Olesen condensation of the W -bosons 
in the standard electroweak model [5]: both the p mesons 
in QCD, the gluons in Yang-Mills theory, and the W 
bosons in the electroweak model have the anomalously 
large gyromagnetic ratio, g = 2 [explicitly implemented 
in Eq. (3)] which supports the mentioned effects. 

Equations (4) imply, in addition, that in the strong 
magnetic field the dominant decays of both charged and 
neutral p mesons into pions become kinematically for- 
bidden. The decays will be "reversed", and the pions will 
decay into the p mesons [1]. 

A simple realization of the magnetic -field-induced su- 
perconductivity can be found in a quantum electrody- 
namics for the p mesons based on a vector meson domi- 
nance model. A relevant part of the Lagrangian is [6]: 
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FIGURE 1. The mean value of the p condensate (2) as the 
function of the magnetic field strength B (from Ref. [1]). 




FIGURE 2. The absolute value of the p-meson conden- 
sate (2) in the transverse (with respect to the magnetic field 
axis) plane at the external field eB = (800MeV) 2 . Four unit 
lattice cells of the p vortices are shown (from Ref. [1]). 
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is the covariant deriva- 



is the pKK coupling, 



tive, g s = g p7CK 
photon field with the field strength 



A a is the 
Pm = 



P]i = (Pn - ipjP) /V5 and pjp =pj^' are, respectively, 
the fields of the charged and neutral vector mesons with 

the mass m p , and pj® = d^ p^ - ig s p^ p v] . 

The model enjoys the U(l) gauge invariance: 
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e im(x] 



Pli(x), 



(6) 



The last term in Eq. (5) describes a nonminimal coupling 
of the p mesons to the electromagnetic field implying the 
anomalous gyromagnetic ratio (g — 2) of the charged p ± 
mesons, and thus playing a crucial role in the emergence 
of the electromagnetic superconductivity. 

An explicit solution of the classical equations of mo- 
tion of the model (5) in the background of the strong 



magnetic field shows the spontaneous formation of the 
transversely inhomogeneous condensate (2) if the exter- 
nal magnetic field B = B ext exceeds the critical value (1). 
The transition is expected to be of the second order 
with the critical exponent 1/2. In Figure 1 we show the 
(spatially-averaged) condensate as a function of B . 

In the transverse (with respect to the magnetic field 
axis) plane the p-meson condensate has typical features 
of the Abrikosov vortex lattice of a mixed state of an 
ordinary type-II superconductor. It turns out that the 
p condensate supports the new topological object, the 
"p vortex", which has typical features of an ordinary 
Abrikosov vortex [7]: in the center xo of the p vortex 
the condensate vanishes, p(xo) = 0, while the phase of 
the condensate, = argp(x), has a quantized winding 
number. The ground state (2) is, in fact, the Abrikosov- 
like lattice made of the p vortices (Figure 2). 

The condensate (2) "locks" rotational and electromag- 
netic gauge symmetries. Indeed, in the presence of the 
background magnetic field B the group of global rota- 
tions of the coordinate space, SO(3) TOt , is explicitly bro- 
ken to its O (2) ro t subgroup generated by rotations around 
the axis of the magnetic field. Under the global 0(2) ro t 
the field p transforms as follows p(x) —> e l fp(x), where 



<p is the azimuthal angle of the rotation around the mag- 
netic axis. Thus, the ground state (2) is invariant un- 
der a combination of the global transformation generated 
by the gauge group (6) and the global rotation around 
the field axis provided the parameters of these trans- 
formations are related ("locked") to each other as fol- 
lows: o(x) = —(p. The inhomogeneities in the conden- 
sate break the locked subgroup further down to a discrete 
subgroup GwJSj of the rotations of the p-vortex lattice: 

f/(l)e.m. X 0(2) rot -> t/(l) loc ked "> Ccted ■ ( 7 ) 

The (super)conducting properties of the system may 
be studied with the help of the transport equations like 
the London equations, which - in a conventional super- 
conductor - are usually written as follows: 

d,J+Vq = X' 2 E , Vx/=-A~ 2 B, (8) 

where X is the London penetration depth, j = j(x,t) is 
the electric current, q — q(x,t) is the density of electric 
charge, and E = E en is the weak (\E\ -C \B\) external 
electric field. The first equation describes an accelerating 
flow of the superconducting longitudinal electric current 
in the presence of the external electric field E, while 
the second equation guarantees the emergence of the 
circulating transverse electric currents which screen the 
external magnetic field B inside the superconductor. 

The transport equations in the electromagnetically su- 
perconducting QCD state are as follows 4 [1]: 

where j„ i — x,y,z is the electric current averaged over 
one unit p-vortex cell. For simplicity, we used in Eqs. (9) 
the averaged currents j i instead of the original currents 
ji(xj_) because the value of the current depends nonlo- 
cally on the inhomogeneous order parameter p = p(x±), 
which would otherwise enter the right hand side of 
Eqs. (9). The London-like equations (9) correspond to 
a linear response of the system in E, and they are valid in 
the domain E < B c < B and B - B c < B c . 

The transport equations (9) indicate that the vacuum 
state (2) superconducts along the direction of the mag- 
netic field, while in the transverse directions the electro- 
magnetic superconductivity is absent. 

One can rewrite Eqs. (9) in a rotationally-covariant 
form similarly to Eq. (8), 

dJ+Vq = - 2 ^^^(B.E)B. (10) 



4 An indication of existence of an anisotropically conducting state with 
j z ~ E z was recently found in quenched simulations of lattice QCD 
at strong magnetic field [8]. This state could be a precursor of the 
superconducting phase with d j z ~ E, which we discuss in this talk. 



Introducing the four-current = (q,j) one can gen- 
eralize Eq. (10) to an explicitly Lorentz-covariant form: 

(F ■F) ~ 

d[n,jy] = K^jF^, (11) 

where the prefactor K is, in general, a scalar function of 
two Lorentz invariants (F ■ F) = F^F^ = 2(B 2 - E 2 ) 
and (F-F)=F» V F^ V =4(B-E) with^ v - ^ va pF a P. 

In Eq. (10) K = {e 3 /g 2 s )(s/(F-F)/2-B c ) in the linear 
response approximation (with respect to the electric field 
E). The cell-averaged curl of the induced superconduct- 
ing current is always zero, V x j = 0. 

Finally, one can ask a provocative question. All known 
superconductors expel weak external magnetic field ex- 
hibiting the Meissner effect. Moreover, if the magnetic 
field becomes strong enough the ordinary superconduc- 
tivity is always destroyed. So why the magnetic field can 
penetrate the QCD superconductor without being sup- 
pressed by the superconducting state or without destroy- 
ing the superconductivity itself? The answer is rather 
simple: these unexpected properties are due to the ab- 
sence of the transverse superconductivity (9) in the con- 
densed state (2). Indeed, the usual Meissner effect is 
caused by the magnetic-field-induced superconducting 
currents which circulate in the transverse (to the mag- 
netic field) plane. If the magnetic field is so strong that 
the ordinary superconductor cannot support these large 
transverse currents (i.e., from the point of view of the 
energy balance), then the superconductor experiences a 
transition into a normal nonsuperconducting state. In the 
absence of the transverse superconductivity, the exter- 
nal magnetic field cannot be screened by the longitu- 
dinally superconducting QCD state and, moreover, this 
state cannot be destroyed by the strong magnetic field. 

We hope that our idea will be checked in other mod- 
els and in numerical simulations of lattice QCD. If true, 
it would be fascinating to observe how the empty space 
becomes an electromagnetic superconductor in a suffi- 
ciently strong external magnetic field. 
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